Bacterial translation initiation factor IF1 is an S1 domain protein that belongs to the oligomer binding (OB) fold proteins. Cold shock domain (CSD)-containing proteins such as CspA (the major cold shock protein of Escherichia coli) and its homologues also belong to the OB fold protein family. The striking structural similarity between IF1 and CspA homologues suggests a functional overlap between these proteins. Certain members of the CspA family of cold shock proteins act as nucleic acid chaperones: they melt secondary structures in nucleic acids and act as transcription antiterminators. This activity may help the cell to acclimatize to low temperatures, since cold-induced stabilization of secondary structures in nascent RNA can impede transcription elongation. Here we show that the E. coli translation initiation factor, IF1, also has RNA chaperone activity and acts as a transcription antiterminator in vivo and in vitro. We further show that the RNA chaperone activity of IF1, although critical for transcription antitermination, is not essential for its role in supporting cell growth, which presumably functions in translation. The results thus indicate that IF1 may participate in transcription regulation and that cross talk and/or functional overlap may exist between the Csp family proteins, known to be involved in transcription regulation at cold shock, and S1 domain proteins, known to function in translation.
Shifting exponentially growing Escherichia coli cells from 37°C to 15°C elicits a cold shock response, during which the synthesis of most cellular proteins is strongly decreased while the synthesis of several cold shock proteins is strongly increased. The most highly produced cold shock protein is the CspA protein. E. coli has nine CspA homologues, only some of which are cold shock inducible. CspA and its homologues destabilize secondary structures in both RNA and DNA and are therefore referred to as nucleic acid chaperones (13) . In our previous studies, we showed that CspA and its homologues CspC and CspE act as transcription antiterminators (1) . Stabilization of secondary structures in RNA upon a temperature downshift affects transcription elongation by RNA polymerase. Therefore, the RNA chaperoning activity of CspA and its cold-inducible homologues might facilitate transcription at low temperatures. Indeed, the nucleic acid melting activity of CspA family proteins is essential both for transcription antitermination and for cold acclimation of cells (27) .
X-ray and nuclear magnetic resonance structures of E. coli CspA and Bacillus subtilis CspB reveal a barrel of five antiparallel ␤-strands with a surface-exposed patch of several aromatic amino acids (8, 23, 31, 32, 34) . These amino acids are involved in nucleic acid binding activity (11, 35) , and some are essential for nucleic acid chaperoning activity (27, 29) .
The common fold of CspA homologues has been named the cold shock domain (CSD). The structure of the CSD is very similar to the S1 domain structure. On the basis of this similarity, the CSD and S1 domains are grouped into the OB (oligomer binding) fold (21) . S1, a ribosomal protein, is essential for initiation of translation of several mRNAs, mainly those that contain long 5Ј untranslated regions that would be expected to form secondary structures. It has been suggested that S1 may melt nucleic acid secondary structures (15) , and S1 is believed to facilitate translation initiation by removing the secondary-structure elements from untranslated regions (38, 40) . S1-like domains are also present in polynucleotide phosphorylase, translation initiation factors IF1 and IF2, NusA, RNase E, and other nucleic acid binding proteins (3) . The functional similarity between the CSD and S1 domain proteins is suggested by observations that the cold-sensitive phenotype of an E. coli strain harboring a quadruple deletion of csp genes is complemented by expression of the polynucleotide phosphorylase S1 domain (43) and that heterologous expression of E. coli IF1 in B. subtilis suppresses growth defects of a cspB cspC double-deletion mutant (41) . IF1 levels are induced twoto threefold upon cold shock (9) , and some mutations in the infA gene coding for IF1 result in cold sensitivity (5), further strengthening the possible role of S1 domain proteins in cold acclimation. Together, these observations suggest that there exists cross talk and/or functional overlap between proteins known to be involved in transcription regulation upon cold shock (CspA family proteins) and proteins known to function in translation (S1 domain proteins). Translational initiation factor IF1 is an essential 71-aminoacid S1 domain protein (7) . While several functions, such as increasing the rate of 70S ribosome dissociation and subunit association (10) and involvement in the fidelity of translation initiation through stimulation of IF2 and IF3 activities (30, 42) , have been attributed to IF1, its essential function(s) remains to be determined. The observations that the 3-dimensional structure of IF1 closely resembles that of CspA (36) and that IF1 can compensate for the absence of Csp's, proteins whose essential function is melting of nucleic acid secondary structures and transcription antitermination, suggest that IF1 may also possess these functions and that these functions may be essential. Here we test these conjectures directly. We show that IF1 indeed has an RNA chaperone activity and acts as a transcription antiterminator in vivo and in vitro. However, neither of these activities is essential, and they may not be required for the role of IF1 in translation.
MATERIALS AND METHODS
Bacterial strains. The E. coli wild-type strain JM83 (44) and strain RL211 (17) were used in this study. Bacterial cultures were grown in Luria-Bertani broth (LB). Antibiotics such as ampicillin (50 g ml Ϫ1 ) kanamycin (Km; 25 g ml Ϫ1 ), or chloramphenicol (30 g ml Ϫ1 ) were added as required. The infA deletion strain was constructed as described below.
Disruption of the infA gene. The E. coli infA gene was replaced with a kanamycin cassette (kan) by recombineering (4, 39, 45) . Recombineering is a novel technique of manipulating the DNA sequences in bacterial cells using the Red recombination functions of phage (4) . It has been shown to be very efficient in generating gene knockouts in E. coli (2, 16, 45) . Recombineering was carried out according to the methods described by Thomason et al. (39) with some modifications. Briefly, the recombinogenic E. coli DY330 cells [W3110 ⌬lacU169 gal490 pgl⌬8 cI857 ⌬(cro-bioA)] were induced for Red functions at an A 600 of ϳ0.5 and transformed by electroporation with 200 ng of a linear DNA kan cassette replacing the chromosomal infA gene. The cells were collected into 0.9 ml LB, incubated for 2 h at 32°C, and incubated on LB agar plates supplemented with Km (25 g/ml) for 3 days at 32°C to reveal Km r recombinants. The kan cassette for infA disruption was made by PCR amplification of the Tn5 kan gene with a Platinum Taq DNA polymerase high-fidelity kit (Invitrogen) using forward primer TATCTTGCCGGTTCAAATTACGGTAGTGATACCCCAGAGGAT TAGTTGCCAGCTGGGGCGCCCTCTG and reverse primer ACCTTTTACT CGTTCTTTCTCTTCGC CCATCAGGCGGTAAAACAATCAGAAGAACT CGTCAAGAAG. Each primer contained a 5Ј segment of 45-nucleotide (nt) sequence homologous to chromosomal regions flanking infA, followed by a 21-nt priming sequence (underlined) complementary to the 5Ј and 3Ј regions of the kan gene including its promoter region. Thus, the entire infA open reading frame was precisely replaced with the kan gene fragment containing its promoter region and the complete kan open reading frame.
Recombinant colonies were purified on LB-Km plates at 32°C and resuspended in 20 l of sterile water, and 1 l was used as a template for PCR with the following pair of 24-nt primers flanking the infA open reading frame: forward check primer, TTTCGGAGTAATGTGCC GAACCTG; reverse check primer, TCCAAAGTACTTCATACATATCAC. The resulting NB223 strain (DY330 infAϽϾkan/infA ϩ ) was used for further studies. Site-directed mutagenesis. The single-amino-acid point mutation (H34R) within the infA coding region was introduced through site-directed mutagenesis using PCR by the methods described by Lerner et al. and Spee et al. (18, 37) . The resultant DNA fragment was cloned into the pINIII (12) and pET17b vectors. The plasmids (pINIIIH34RinfA and pET17binfAH32R) were sequenced to confirm the mutant sequences.
In vivo functional analysis of the infA deletion mutant. The design of the assay for functional analysis of the infA mutant was based on the fact that IF1 is essential for bacterial growth (7). Cells include rare cells with large chromosomal duplications (merodiploids), in which one copy of an essential gene can be disrupted. Recombineering has recently been used to directly identify a number of essential genes in E. coli (2) . The assay is simple and is based on the survival of essential gene knockouts only as cells containing duplications (19) -in this case, having both the wild-type allele and the infAϽϾkan allele, infAϽϾkan/ infA ϩ (2, 14, 16) . These duplications can be visualized on an agarose gel as two PCR fragments amplified from the duplicated regions of the replaced essential gene, where one fragment represents the wild-type infA ϩ while the other represents the replaced infAϽϾkan. Normally, such duplication is quite large and cannot be transduced by P1 into another strain. However, if the recipient strain contains a plasmid expressing the wild-type allele of the replaced essential gene, e.g., infA ϩ , then infAϽϾkan can be transduced into the chromosome, showing one PCR fragment on the agarose gel (2). Thus, any plasmid carrying functionally active infA should allow efficient P1 transduction of infAϽϾkan, whereas a functionally inactive infA mutant cannot give rise to transductants.
To assess the functional activity of the infA mutant, the W3110 wild-type strain was transformed with pINIII plasmids harboring genes encoding wild-type or mutant [IF1(H34R)] IF1 protein. Phage P1 was grown on NB223 containing the infAϽϾkan/infA ϩ duplication and was transduced (20) into W3110 cells transformed with the plasmids described above. Cells were spread on LB-Km plates and grown at 37°C for 2 days to reveal transductants. Transductants were purified on LB-Km plates, and individual colonies were analyzed by PCR for the configuration of the chromosomal infA gene, as described above. If such recombinations occur, the mutant infA gene on a plasmid can support cell growth. The growth characteristics of the infA mutant were analyzed by growing the transductants with the respective plasmid-borne infA mutant on LB plates at 37°C.
Expression and purification of the proteins. The method for purification of CspE was reported previously (1). IF1 and its mutant IF1(H34R) protein were cloned into the pET17b vector and were purified by Q-Sepharose, SP-Sepharose, and hydroxyapatite column chromatography. In short, IF1 proteins were purified using E. coli BL21(DE3) cells harboring the respective plasmids. Transformed cells were grown to early-logarithmic phase at 37°C in M9-Casamino Acids medium. Expression of IF1 proteins was induced by 1.5 mM isopropyl-␤-Dthiogalactopyranoside (IPTG) for 3 h. Cells were harvested by centrifugation at 4,500 ϫ g for 30 min at 4°C and then suspended in 20 mM Tris-HCl, pH 7.5. A French press was used at 900 lb/in 2 for cell lysis, followed by centrifugation at 10,000 ϫ g for 10 min to remove debris. The supernatant was subjected to ultracentrifugation at 40,000 ϫ g for 2 h. Protein was purified by 60% ammonium sulfate precipitation. The pellet was solubilized in 10 mM Tris-HCl, pH 7.5, and then dialyzed against the same buffer. The dialysate was subjected to Q-Sepharose (Pharmacia) fast-flow column chromatography using the same buffer. IF1 protein was eluted by washing the column with the same buffer, and the fractions were checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and dialyzed against 10 mM potassium phosphate buffer, pH 7.0. This was followed by SP-Sepharose column chromatography (Pharmacia). The protein was eluted in a 100 to 1,000 mM sodium chloride gradient in the same buffer. The homogeneity of the protein was checked by Coomassie blue and silver staining. The protein concentration was determined by the Bradford method.
In vitro transcription. In vitro transcription was carried out as described previously (1) . A DNA template containing the T7A1 promoter fused to the tR2 terminator was used. The elongation complexes stalled at position ϩ20 (EC 20 ) were prepared in transcription buffer (40 mM KCl, 40 mM Tris-HCl [pH 7.9], 10 mM MgCl 2 ) containing Ni 2ϩ -nitriloacetic acid agarose, 20 nM T7 A1 promoter-DNA fragments, 40 nM His-tagged RNA polymerase, and 0.5 mM ApU. Reaction mixtures were incubated at 37°C for 15 min to form the open complexes and were then transferred to room temperature. Then 50 M ATP, 50 M GTP, and 2.5 M [␣-32 P]CTP (300 Ci/mmol) were added. After a 10-min incubation, the agarose beads were thoroughly washed with transcription buffer. Equal aliquots of purified EC 20 were then supplemented with CspE or wild-type or mutant IF1 protein (1.5 g) and nucleoside triphosphates (250 M), and the reaction mixtures were incubated at room temperature for 10 min. After the transcription reactions, 20 mM EDTA and 10 mg/ml heparin were added to the reaction mixtures to avoid nonspecific retardation of RNA in the gel. The reactions were terminated by formamide-containing loading buffer. The products were analyzed by urea-PAGE (7 M urea-10% polyacrylamide) followed by autoradiography and phosphorimaging analysis.
KMnO 4 probing. The DNA template Invertbeacon sequence with a 4-nt arm and a 9-bp stem, used for studying the melting mechanism of CspE, has been described previously (28) and is shown in Fig. 3 . The DNA was end labeled with [␥-32 P]ATP using polynucleotide T4 kinase (New England Biolabs). The KMnO 4 probing reactions were carried out as described elsewhere (26, 28) . The reaction mixtures (18 l) containing the labeled DNA template and CspE/IF1 proteins in 10 mM potassium phosphate buffer (pH 7.0) were incubated at room temperature for 5 min and then treated with KMnO 4 (1 mM) for 15 s at 37°C. Reactions were terminated by the addition of ␤-mercaptoethanol to 330 mM, followed by extraction with phenol, precipitation in ethanol, and a 30-min treatment with 10% (vol/vol) piperidine at 90°C. The reaction products were analyzed by urea-6% polyacrylamide gels.
Nucleic acid binding assay. IF1 and its mutant were tested for RNA binding by using a radiolabeled RNA template described previously (13) . Filter binding assays were carried out as described previously (25) . The binding assay was carried out in a 15-l reaction mixture containing binding buffer (10 mM TrisHCl buffer [pH 8.0] containing 1 mM EDTA, 10 mM KCl, and 7.4% glycerol) and 50 fmol of RNA. After incubation on ice for 20 min, the reaction mixtures were passed through nitrocellulose filters, which were washed thoroughly to remove unbound RNA. Radioactivity retained on the filter was measured by a liquid scintillation counter. About 1% of the input radioactivity was detected as background in the absence of any protein in the reaction mixture. This background was subtracted from the measured amounts to obtain specific binding values. Similar assays were carried out to test the DNA binding of IF1 and its mutant protein by using the DNA substrate, with a 4-nt 5Ј overhang and a 9-bp stem structure (28), used for KMnO 4 probing in this study.
RESULTS
Transcription antitermination by IF1 in vivo. E. coli strain RL211, designed by Landick et al. (17) , contains the cat gene preceded by a strong -independent trpL terminator and is therefore sensitive to chloramphenicol. When transcription termination at trpL is reduced, the cat gene is expressed, and cells become resistant to chloramphenicol. We previously used this strain to demonstrate the transcription antitermination activity of CspA family proteins (1, 24, 27, 29) . The strain was also used to demonstrate the transcription antitermination activity of the wheat Csp protein WCSP1 by Nakaminami et al. (22) . RL211 cells transformed with the infA expression plasmid were spotted onto LB plates with or without chloramphenicol. Cells carrying a cspE expression plasmid were also spotted onto the same plate. Previously, we showed that CspE antiterminates transcription both in vivo and in vitro (1, 27) . We used this protein as a positive control throughout this work. As a negative control, cells harboring a pINIII vector plasmid (12) were used. All cells grew equally well in the absence of chloramphenicol, while cells carrying the cspE expression plasmid but not the pINIII plasmid alone grew in the presence of chloramphenicol (Fig. 1A) . Cells expressing infA also grew in the presence of chloramphenicol. We therefore conclude that overproduction of IF1 decreases transcription termination at the trpL terminator.
Transcription antitermination by IF1 in vitro. The results presented above suggest that like CspA-like proteins, IF1 may act as a transcription antiterminator. To test this notion directly, the IF1 protein was overproduced, purified, and tested for its effect on transcription termination in vitro. Stalled E. coli RNA polymerase elongation complexes were prepared on a DNA template containing the T7 A1 promoter followed by the -independent bacteriophage terminator tR2 (46) . Transcription was resumed by the addition of nucleoside triphosphates in the presence or in the absence of CspE or IF1 (27 M) (Fig. 1B) . In the absence of IF1 or CspE, two transcription products, corresponding to the runoff (Fig. 1B, lane 1 , upper band) and the shorter terminated transcripts (Fig. 1B , lane 1, lower band) were observed. Under the conditions used, readthrough efficiency, defined as the ratio of the amount of runoff transcript to the sum of runoff and terminated transcripts, was ϳ30%. This value was highly reproducible in several independent experiments. Amounts of transcripts produced were measured for three independent experiments and are presented in Fig. 1B . As expected, CspE decreased transcription termination at tR2 (Fig. 1B, lane 2) , and readthrough efficiency increased to 56%. IF1 had a similar effect (48% readthrough [Fig. 1B, lane 3] ). We therefore conclude that IF1 can antiterminate transcription in vitro. This activity likely causes the expression of the cat gene observed in the in vivo experiments described above.
The His34 residue of IF1 is essential for transcription antitermination. The transcription antitermination activity of Csp family proteins requires their ability to melt the secondary structure in nucleic acids (27) . Our previous analysis showed that three residues of CspE-Phe17, Phe30, and His32-are involved in nucleic acid melting, most likely though stacking interactions with nucleic acid bases (27, 29) . The His32 residue is conserved in IF1 (His34). We created a point substitution of this IF1 residue with arginine. In CspE, the H32R substitution abolishes the nucleic acid melting, transcription antitermination, and cold acclimation functions without affecting structural stability or the ability to interact with single-stranded nucleic acids (27) .
We first tested the effect of the H34R substitution in IF1 on transcription antitermination activity in vivo using the RL211 cells described above. As can be seen from Fig. 2A , cells expressing mutant infA grew normally in the absence of chloramphenicol but did not grow in its presence. Cells expressing cspE or wild-type infA grew in the presence of chloramphenicol, as expected. The difference was not due to decreased levels of mutant IF1 production, as revealed by the SDS gel analysis We confirmed this result in vitro using purified mutant IF1 protein. The transcription assay was carried out as described above using CspE and wild-type IF1 as controls. As can be seen from Fig. 2C , CspE (lane 2) and wild-type IF1 (lane 3) increased readthrough efficiency to 56% and 48%, respectively; however, for reaction mixtures containing the mutant IF1 protein (lane 4), the readthrough efficiency was ϳ32%, very close to the 29% readthrough observed in the absence of added protein. This result is consistent with the in vivo result and shows that the H34R substitution abolishes the transcription antitermination function of IF1.
Nucleic acid melting activity of IF1. We conducted further testing to determine if the loss of the transcription antitermination activity of IF1 is due to the loss of its nucleic acid melting activity. The melting of a nucleic acid substrate containing secondary structures can be followed by the appearance of KMnO 4 -sensitive thymines in regions where the doublestranded nucleic acid structure is melted. The DNA melting substrate used in this study has a 4-nt single-stranded 5Ј overhang and a 9-bp double-stranded stem, as shown in Fig. 3A (see also reference 28). The stem contains three thymine residues that are not accessible to KMnO 4 (Fig. 3B, lane 1) . In the presence of either CspE or IF1, the three thymines become KMnO 4 sensitive (Fig. 3B, lanes 2 and 3, respectively) , indicating that the double-stranded stem is melted. In contrast, no KMnO 4 -sensitive bands are detected for reactions with added IF1(H34R) (Fig. 3B, lane 4) , implying that the stem region The in vitro transcription antitermination assay was carried out, using purified CspE or wild-type or mutant IF1, as described for the experiment for which results are presented in Fig. 1B . The products were analyzed by urea-PAGE (7 M urea-10% polyacrylamide). RO and tR2 indicate the runoff and tR2-terminated transcripts, respectively. Mean values calculated from three independent experiments are shown in the bar graph below the gel. remains double stranded in the presence of this protein. Thus, a substitution in IF1 that abolishes its transcription antitermination activity also abolishes IF1-induced nucleic acid melting. The result strongly suggests that, like Csp's, IF1 antiterminates transcription by disrupting the formation of a termination hairpin in the nascent RNA.
The H34R substitution does not affect the nucleic acid binding activity of IF1. The result presented above could be a trivial consequence of the lack of nucleic acid binding by the IF1(H34R) mutant. The nucleic acid binding activity of the mutant protein was examined in filter binding assays using radioactively labeled RNA or DNA substrates as described in Materials and Methods. The IF1(H34R) protein bound both RNA and DNA substrates as efficiently as the wild-type protein (data not shown). Thus, the nucleic acid binding activity of IF1 is not affected by the H34R substitution.
The transcription antitermination and nucleic acid melting activities of IF1 are not essential for the cell. Our results establish that IF1 exhibits activities similar to those of CspE, which may explain the previously reported observation that overexpression of IF1 complements certain defects observed in csp mutants. In order to test if these activities of IF1 are essential for cell growth, we prepared E. coli cells harboring a disruption of the chromosomal copy of the infA gene that codes for IF1 by replacing it with a kanamycin cassette. The infA gene is essential, and the cells carrying a chromosomal infAϽϾkan replacement are viable only if there is an additional wild-type copy of infA either in the form of a chromosomal duplication, infAϽϾkan/infA ϩ , or expressed in trans from a complementing plasmid. Likewise, the infA knockout is also viable if complemented by a functionally active infA mutant. The pINIIIH34RinfA plasmid (see Materials and Methods for details), as well as the wild-type infA plasmid, complemented the growth of infA knockout cells (Fig. 4) . From this experiment, we conclude that the H34R substitution does not affect the function of IF1 that is essential for supporting cell growth. It therefore follows that nucleic acid melting by IF1, and as a consequence its ability to antiterminate transcription, are not essential for the cell. Conversely, the essential function of IF1 (presumably in translation) is not related to nucleic acid melting. Thus, these two activities of IF1 are independent.
The data presented in Fig. 4 were obtained at 37°C; an identical result was also obtained at 15°C, a temperature at which cells undergo cold shock (data not shown). Since earlier data obtained with B. subtilis showed that overproduction of IF1 can compensate for the growth defect of a double csp mutant, we wondered if overproduction of E. coli IF1 might have a similar effect on a cold-sensitive E. coli quadruple csp deletion mutant. However, even overproduction of the wildtype, antitermination-capable IF1 did not suppress the cold sensitivity of the quadruple deletion strain (data not shown). The lack of suppression was not related to the lack of overproduction of IF1; therefore, IF1 and Csp's may have different specificities for the transcription terminators on which they act, at least in E. coli. Alternatively, products of promoter-distal genes whose transcription is increased due to IF1 transcription antitermination activity may somehow interfere with the cold shock response. These possibilities are currently being tested using DNA microarray technology.
DISCUSSION
Proteins belonging to the S1 family and the CSD family share a common fold and thus are included in the OB fold family (21) . Recent observations suggest that some functions of the S1 domain and CSD proteins might overlap (41, 43) . The goal of this work was to test if IF1 can function as a transcription antiterminator similarly to Csp proteins. Our results clearly demonstrate that IF1 indeed can melt secondary structures in nucleic acids and that this activity leads to transcription antitermination, both in vivo and in vitro. Our observation that IF1 is an RNA chaperone is consistent with a previous report which showed that IF1 alters the structures of various oligonucleotides and disrupts nucleic acid interactions in vitro (33) . During the preparation of this article, an interesting report by Croitoru et al. was published (6) . The authors showed that IF1 activates splicing of the group I intron of the thymidylate synthase gene from phage T4 and suggested that this activity requires the RNA chaperoning activity of IF1. None of the IF1 mutants obtained in that study were deficient in the RNA chaperoning activity, and thus these mutants did not allow assessment of the relevance of this activity to the presumably essential function of IF1 in translation.
The mechanism of the IF1 melting activity must be similar to that of CspA and its homologues, since substitution of a structurally homologous His residue abolishes the activity in both classes of proteins. This result opens the possibility that other S1 domain proteins may also affect transcription elongation and termination by RNA polymerase inside the cell. Indeed, Sukhodolets et al. recently showed that the prototypical S1 domain protein, ribosomal protein S1, promotes transcriptional cycling by enhancing the release of the transcript from RNA polymerase. However, these authors were not able to detect S1-dependent unwinding of DNA-RNA duplexes by S1 and suggested a passive role of S1 in stimulating transcription (38) . It is generally believed that the essential function of IF1 is that of the translation initiation factor. Our results suggest that the RNA chaperoning activity of IF1 is not an essential function, since the nucleic acid melting/transcription antitermination activity of IF1 is not essential, at least under the laboratory growth conditions tested here. Overexpression of E. coli IF1 complements the growth defect of a B. subtilis csp double mutant (41) . Since nucleic acid melting is an essential function of bacterial Csp's, this result suggests that the nucleic acid melting function of IF1 may indeed be useful to the cell under certain conditions. In addition to establishing the activity of IF1 in modulating transcription, in the present study we were also able to dissect the two functions of IF1 with the help of a specific transcription antitermination-deficient mutant. The results suggest that although the primary role of IF1 is in translation, it can, by virtue of its structural similarity to the CSD, carry out some of the critical functions of CspA homologues. It is interesting that bacteria such as E. coli have multiple CspA homologues with overlapping functions and, in addition, produce proteins that contain domains similar to the CSD and can carry out some of the presumably critical functions of CspA homologues. This suggests that there may exist cross talk and/or functional overlap between the Csp family proteins, known to be involved in transcription regulation upon cold shock, and S1 domain proteins, known to function in translation. It is interesting that IF1 is moderately induced by cold shock (9) and that certain IF1 mutants confer cold sensitivity on cells (5) . One can also contemplate that proteins such as IF1 or other S1 domain proteins, while performing essential functions unrelated to their nucleic acid melting activity under normal growth conditions, can carry out other functions such as transcription antitermination under conditions of stress.
